& Key message Thermogravimetric analysis, performed on small samples of earlywood (EW) or latewood (LW), indicated that earlywood is more susceptible to thermal degradation than latewood. These results suggest a direct relationship between wood density (which depends on the EW/LW ratio and indirectly on silviculture) and the response of wood during thermo-modification processes.
Introduction
Interest in the use of wood as building material is growing due to woods' intrinsic technological properties and its ability to reduce greenhouse gas emissions. However, exposed to outdoor conditions, unprotected wood undergoes degradation due to several biotic or abiotic agents. Biocidal treatments allow protecting wood from degradation; however, their utilization has grown to be controversial because of their toxicity. Environmental pressure in France and in most European countries during the last decade has lead to the development of more environmentally acceptable protection methods. In this context, thermal modification processes are an attractive alternative to classical wood preservation methods for some applications. Wood thermal treatment improves some properties of the material such as its durability to decay (Hakkou et al. 2006; Guller 2012 ) and its dimensional stability (Mouras et al. 2002) . The influence of treatment conditions on chemical composition and conferred properties of thermally modified wood have been intensively investigated. Previous studies have shown that new properties conferred to thermally modified wood are directly related to thermal treatment intensity, which depends directly on duration and treatment temperature (Nguila Inari et al. 2009; Šušteršic et al. 2010) . These findings have resulted in the development of a quality control marker for thermally modified wood based on mass loss (ML). Producing final products with constant quality (durability, dimensional stability, color) on an industrial scale is a challenge. These difficulties can be attributed to either the thermal treatment processes themselves or to the inter-and intra-species wood heterogeneity. Inter-species property differences including parameters such as chemical composition and density have been reported to strongly influence degradation reactions occurring during thermal treatment and consequently the final properties of the material Candelier et al. 2011) . Thus, hardwoods are generally more sensitive to thermal degradation than softwoods, while woods with high densities seem to be more sensitive to thermal degradation than less dense woods ). Relative to intra-species differences, wood quality of European oak is reported to be deeply influenced by ring width depending on ecological factors, soil quality, forest management, tree age, and genetics (Bouriaud et al. 2004; Zhang et al. 1993; Knapic et al. 2007; Bergès et al. 2008) . In this context, wood density is often used as a functional trait in tree ecology to evaluate wood quality. Wood quality of ring porous species has been reported to be strongly correlated to growth rate which influences the ring's width and density (Polge and Keller 1973) . Differences between earlywood (EW) and latewood (LW) properties contribute to changes in timber dimensional stability (Kretschmann and Cramer 2007) . Furthermore, differences in the chemical composition between EW and LW exist (Kibblewhite et al. 2010) , which may influence their thermal degradation kinetic. Recently, Shchupakivskyy et al. (2014) have described a higher susceptibility of oak's EW to thermal degradation comparatively to its LW using high-frequency densitometry.
The aim of this study was to assess initial intrinsic wood properties including density and the EW/LW ratio of the wood and determine how this may impact the thermal degradation of wood and the properties conferred to the final material. A better understanding of the effect of initial wood quality on thermal degradation reactions is postulated, and research in this area may aid in the better utilization of wood in industrial thermal treatment processes to improve the competitiveness of the wood forestry sector. Two approaches were used: (1) Xray computed tomography (CT) was used to assess the initial density of oak boards before and after heat treatment, and (2) X-ray micro-densitometry and thermogravimetric analysis (TGA) were used to measure the pre-and post-treatment thermal stability of EW versus LW.
Material and methods

Materials
Oak heartwood was chosen in this study because of the availability of prior sampling data on wood quality as related to tree origin (Guilley and Nepveu 2003; Guilley et al. 2004 ). Ten radially cut European oak boards (Quercus petraea Liebl), 250×110×25 mm 3 (L×R×T), were used for the X-ray CT study. Five trees (2385, 2388, 2390, 2487, 2492) previously studied to assess the influence of site quality, silviculture, and region on wood density (Guilley and Nepveu 2003; Guilley et al. 2004 ) were chosen to provide boards of different initial densities (Table 1) . Two pieces from the same tree were used: one close to the pith (inner heartwood) identified as "IHW" and one close to the sapwood (outer heartwood) identified as "OHW". "OHW/SW" was used to identify board 2390 containing heartwood and sapwood. X-ray micro-densitometry and thermogravimetric analysis was performed on two trees (2390 and 2547) issued from distinct French stands (Guilley et al. 2004 ) presenting different densities, mean ring width, crown base height, and silvicultural history ( Table 2 ). The separation of EW and latewood LW was performed only for the 20 rings between the 15th and the 50th annual ring, as these were some of the largest rings and they provided a good opportunity to assess the ring density without potential overlap with other rings. A microtome knife and hammer were used to separate EW from LW. Samples of EW were mixed together and milled using a Retsch MM 200 (Haan, Germany) to <0.160 mm, before drying at 103°C. The same procedure was applied for LW samples. Combined EW and LW samples were also assessed using the same procedures.
X-ray computed tomography
Densities of oak boards were determined before and after thermal treatment by X-ray CT using a General Electric Bright Speed Excel 4 apparatus. The 3D images were used to plot a density map for each board before and after curing using a calibration method described by Freyburger et al. (2009) . Each board was virtually sliced into 1,000 cubic volumes (20L×10R×5 T) leading to a 1,000-point cartography image. Every cubic volume is an image of 512×512 pixels whatever the size of the field of vision. In the maximal magnification, the field diameter is approximately of 10 cm giving a pixel size around 200 μm. In our experiments, pixel size was fixed to 300 μm, approximately. ML and density variation were calculated using a dedicated plugin for the image processing software ImageJ (Schneider et al. 2012 ) and a script for the statistical software R (R Core Team 2014).
X-ray micro-densitometry
Radial density variation of wood was characterized by X-ray micro-densitometry using a microfocus X-ray source (Hamamatsu L9181-02 130 kV) and a digital X-ray detector (Varian PaxScan 4030R). Radial profiles of wood density of the samples were computed from the radiographies using the Cerd software suite (Mothe et al. 1998a, b) .
Board thermal treatment
Wood specimens were oven-dried at 103°C for 48 h before thermal treatment. Thermal treatment was performed under nitrogen by conduction by placing wood samples between two metallic heating plates in an oven on a precision balance to assess ML continuously during heating ). Treatment occurred in stages starting initially at 103°C until mass stabilization, followed by 1 h at 170°C, and then 2 h at 220°C. The heating rate and gas flow were 1°C min −1 and 120 mL min
, respectively. The ML due to thermal degradation was calculated according to the formula:
where m 0 is the initial dry mass of the sample before thermal treatment and m 1 the oven-dried mass of the same sample after thermal treatment.
Thermogravimetric analysis
Thermogravimetric analysis was performed on 10-mg samples of EW or LW under nitrogen using a Mettler Toledo TGA/DSC STAR e system. After drying at 103°C, experiments were performed at 220°C for 2 h. The heating rate and gas flow were, respectively, 10 K mn − 1 and 50 mL min
. The thermal behavior of EW and LW samples issued from the heartwood of trees 2390 and 2547 was analyzed separately on sample, and five replicates of experiments were carried out for each sample.
Determination of chemical composition
All analyses for extractives, holocellulose, and Klason lignin content were adapted from literature procedures with minor modifications (Rowell et al. 2005) . 2.6.1 Extractive content EW or LW was ground to obtain particles ranging between 0.2 and 0.4 mm. This material was successively extracted in a Soxhlet extractor with a toluene/ethanol (2:1, v/v) mixture (6 h), followed by ethanol (6 h) and dried at 103°C for 48 h. After extraction, organic solvents were evaporated under vacuum using a rotary evaporator. Crude extracts were stored in desiccators under vacuum for final drying and weighed to determine extractive content based on moisture-free wood powder.
Holocellulose content
Of the ground wood, 500 mg was placed in a 250-mL flask containing 30 mL of distilled water and heated at 75°C. Acetic acid (0.1 mL) and 15 % aqueous sodium chlorite (2 mL) were then added each hour for 7 h. The mixture was filtered on a Büchner funnel and the residue washed with water, Soxhlet extracted for 2 h with ethanol, and dried at 103°C to a constant mass.
Klason lignin content
One hundred seventy-five milligrams of the ground wood was mixed with 72 % H 2 SO 4 (10 mL) for 4 h at room temperature. The mixture was then diluted with 42 mL of distilled water, refluxed for 4 h, and filtered. The Klason lignin thus obtained was washed with hot water and dried at 103°C to a constant weight. The different filtrates were carefully transferred to a 1-L volumetric flask, rinsed with distilled water, and made up to a 1-L total volume for further monosaccharide content determination.
Monosaccharide content
Separation and quantification of simple sugars were performed using a Dionex ICS-3000 system consisting of an SP gradient pump, an AS autosampler, an ED electrochemical detector with a gold working electrode, an Ag/AgCl reference electrode, and Chromeleon version 6.8 (Dionex Corp., USA) software. A Carbopac PA1 (4×250 mm, Dionex) column with a guard column (4×50 mm, Dionex) was used as a stationary phase using isocratic conditions with 1 mM sodium hydroxide as the eluent. Eluents were prepared by dilution of a 46-48 % NaOH solution (PA S/4930/05 Fisher Scientific) in ultrapure water. All eluents were degassed before use by flushing with helium for 20 min; subsequently, they were kept under a constant helium pressure (eluent degassing module, Dionex).
After each run, the column was washed for 10 min with 200 mM NaOH solution and equilibrated for 15 min to the initial conditions. Samples of monosaccharides were injected using a 25-μL full loop, and separations were performed at 25°C at a rate of 1 mL/min. The pulse sequence for pulsed amperometric detection consisted of a potential of +100 mV (0-200 ms), +100 mV integration (200-400 ms), −2,000 mV (410-420 ms), +600 mV (430 ms), and −100 mV (440-500 ms).
Results
Macroscopic approach
Results concerning initial and final densities measured by Xray computed tomography, measured and calculated from Xray CT data mass losses after thermo-modification, and information concerning wood characteristics according to previous studies (Guilley et al. 2004 ) are listed in Table 1 . For all trees studied, samples withdrawn from the internal heartwood area present higher density than the samples obtained from the outer heartwood/sapwood region of the same tree. This difference is very pronounced for trees coming from coppice forest management (trees 2385, 2487, and 2,492). For the tree 2388, issued from even-aged management, the density difference is lower. Averaged values of density measured by X-ray CT before and after thermal treatment indicated a reduction of wood density in all cases after thermal modification. Figure 1 presents box plots and the statistical data of density variation of wood boards after thermal treatment.
Median density variation values are comprised between 25 and 50 kg/m 3 with a mean value of 43 kg/m 3 representing a decrease of approximately 7 % of the initial mass of the board. Behavior of wood boards obtained from the same tree shows that, in some cases, higher dense samples which constituted mainly of internal heartwood give a slightly higher density variation compared to the less dense samples issued from the external heartwood to sapwood zone (trees 2385 and 2492). Tree 2487 behaves differently; higher density inner heartwood Fig. 1 Density variation of oak boards after thermal treatment measured using X-ray CT presents weaker density variation after thermal treatment than lower density outer heartwood. Anyway, no obvious relation was found between the initial wood density and thermodegradation level estimated through density variation after thermal treatment (Table 1) . Figure 2 represents box plots of mass losses according to the different boards studied.
No clear relationships between mass losses resulting from wood thermo-degradation and wood origin can be established. Figure 3 represents evolution of all mass losses determined from board density map versus initial density distribution.
Results highlight strong density variability inside a same board with an important dispersion of mass loss values for a given initial densities. Indeed, samples with a similar initial density can lead to different mass losses, while, at the same time, samples presenting similar mass loss can result from different initial density samples.
Finally, the mass loss distribution, averaged for all the boards depicted in Table 1 , according to longitudinal, radial, and tangential directions, has been investigated using X-ray CT data and presented in Fig. 5 .
It can be observed that mass loss was lower on the board's edges and higher in the core indicating different temperature conditions during the treatment process. These results may be explained by the exothermicity of thermo-degradation reactions explaining the higher temperature in the core compared to the edges resulting locally in a higher degradation of wood (Pétrissans et al. 2014 ).
Intra-ring approach
Variation of oak wood density along the radial direction according to the annual ring width was investigated to evaluate the effect EW/LW ratio on wood thermal stability using thermogravimetric analysis. Figure 6 describes the ring width and the ring density according to ring age.
Strong variations of density exist locally according to ring age and width corroborating the density dispersion recorded using X-ray CT. For both trees, wood density tends to decrease with ring age, while ring width increases in a first time to become more or less constant in a second time. Table 2 and Fig. 7 describe density variations according to earlywood or latewood compartments.
In all cases, earlywood presents lower density compared to latewood. Thermal behavior of earlywood and latewood samples was then evaluated. Table 3 indicates chemical composition and the weight losses recorded by TGA for the different Fig. 2 Mass loss of oak boards after thermal treatment measured using X-ray CT Fig. 3 Individual mass losses versus local densities recorded using X-ray CT samples of earlywood and latewood of trees 2390 and 2547, while Table 4 reported monosaccharide content of earlywood and latewood, respectively.
Results show a clear difference in the thermal behavior of the earlywood and latewood compartments, earlywood being more sensitive to thermal degradation than latewood. Monosaccharide content indicates also clear differences between earlywood and latewood, especially, concerning their glucose content, which is higher in latewood compartment.
Discussion
Macroscopic approach
In a general manner, no obvious relation was observed between the initial measured wood density and thermodegradation level estimated through density variation after thermal treatment using X-ray CT or gravimetric measures (Fig. 1) . Mass losses estimated from X-ray computed tomography images were compared to those obtained after thermomodification by weighing (Table 1) . A difference of about ±2 % was noticed between measured and calculated mass losses. This difference may be explained by the principle of mass loss determination using X-ray CT. Indeed, computed tomography measures precisely density distribution and dimensions of the sample, while sample's mass is estimated. This estimation may be at the origin of the difference observed between X-ray CT and gravimetric measurements.
Independently, of the initial wood density, it is difficult to establish a clear relationship between the effect of thermodegradation reactions and density evolution after thermal treatment (Fig. 2) . Even if initial sample densities are quite different, with averaged densities ranging from 550 to 700 kg/ m 3 , the averaged mass losses are relatively similar (10 to 12 %) showing again no clear relationship between initial wood density and wood's susceptibility to thermo-degradation. These results differ slightly from previously reported results on the effect of wood species on its susceptibility to thermo-degradation indicating that higher density wood species were generally more sensitive to heat than less dense wood species .
In order to go further into the results, all mass losses determined for board cartography were plotted versus initial density distribution (Fig. 3) . Results highlight strong density variability inside a similar board with an important dispersion of mass losses for a given initial density. Behavior of each individual board indicated strong density variability inside the board with an important dispersion of mass losses for given initial densities. Points with similar initial density lead to more or less important mass losses, while points with similar mass loss can be obtained from different initial density samples. Again, no obvious relation can be determined between initial density and thermo-degradation. The only conclusion that can be made from the different graphs plotted in Fig. 3 concerns the different behavior of heartwood and sapwood when both are present in the same board. Indeed, representation of the points according to their localization in the board of sample 2390 OHW/SW clearly indicated two clusters of points corresponding to heartwood and sapwood (Fig. 4) .
Lower density sapwood was less susceptible to thermodegradation than higher density heartwood. This behavior may be due either to a difference of chemical composition between sapwood and heartwood or to a lower heat transfer in sapwood comparatively to heartwood due to its lower density.
Averaged mass loss distribution according to longitudinal, radial, and tangential directions of the board has been investigated using X-ray CT (Fig. 5) . Results indicated that sample position in the board influences more or less thermal degradation processes. Indeed, it can be observed that mass loss was lower on the board's edges and higher in the core indicating different temperature conditions during the treatment process. These results may be explained by the exothermicity of thermo-degradation reactions explaining the higher temperature in the core compared to the edges resulting locally in a higher degradation of wood (Pétrissans et al. 2014 ).
Intra-ring approach
Even if X-ray CT is a well-recognized method to study wood density (Freyburger et al. 2009) , this technique appears inappropriate within the framework of the present study to establish a clear and direct relation between initial density and thermo-degradation. X-ray CT emphasizes the high-density variability in a single board due to an inappropriate meshing unable distinguishing the ring's compartments and consequently finding a clear relation between local density and mass loss. Indeed, several studies highlight the variation of oak wood density along the radial direction according to the annual ring width and the resulting EW/LW ratio (Degron et Nepveu 1996 , Guilley et al. 1999a Le Moguedec et al. 2002; Guilley et Nepveu 2003 , Le Moguédec et Nepveu 2004 , Guilley et al. 2004 . These studies show a clear difference between the densities of the earlywood and the latewood in the annual ring, which may explain the difficulties to obtain clear conclusions with X-ray CT. To evaluate the effect of earlywood and latewood densities on thermo-degradation, X-ray micro-densitometry was used to study radial wood density profiles of oak wood. Study was performed on boards obtained from two different trees (trees 2390 and 2547).
Similarly to results reported in the literature (Guilley et al. 1999a, b; Le Moguedec et al. 2002; Guilley et Nepveu 2003 , Knapic et al. 2007 , it was found that density varies considerably during the tree growth and within a same ring, earlywood presenting lower density compared to latewood (Figs. 6 and 7). Tree grown under even-aged management presents higher ring density compared to tree grown under coppice conditions (Fig. 6) . Important density differences, comprised between 25 and 30 %, are observed between earlywood and latewood (Fig. 7) . Averaged density of earlywood is considerably lower than that of latewood justifying the important variability observed by X-ray CT. To evaluate the influence of EW/LW ratio on thermo-degradation, earlywood and latewood larger rings of trees 2390 and 2547 were separated, mixed together, and ground to fine sawdust before thermogravimetric analysis (Table 3) . Results showed a clear difference in the thermal behavior of the earlywood and latewood compartments. For both trees studied, less dense earlywood samples were more susceptible to thermodegradation than the higher density latewood samples, when subjected to similar thermal analysis conditions. These results are in good agreement with those recently reported by Shchupakivskyy et al. (2014) , showing that density of earlywood was significantly more reduced after thermal treatment than the density of latewood using high-frequency densitometry. Explanation of this difference of reactivity may be due to the anatomical and chemical structure of LW and EW compartments. Indeed, EW is known to present higher diameter vessels and thinner cell walls comparatively to LW, which presents thicker cell wall and smaller diameter vessels. Thickness of the LW cellular walls is directly connected to the thickness of the S2 layer of the secondary wall.
Knowing that S2 layer is particularly rich in cellulose, it can be assumed that LW cellulose content is higher than EW cellulose content. Cellulose being less susceptible to thermal degradation than hemicelluloses and lignin (Nguila Inari et al. 2007) , it seems reasonable to assume that LW is less susceptible to thermal degradation than EW. Chemical analysis performed on EW and LW samples indicated that LW contains slightly higher amounts of holocellulose than EW, which may be due to higher cellulose content (Table 3) . More significantly, analysis of monosaccharide content after acidic hydrolysis (Table 4) indicates higher amounts of glucose in both LW samples confirming its higher cellulose content. These results explain also the difficulties encountered with macroscopic approach. Indeed, X-ray CT implies dividing board in small cubic volumes necessary for board cartography. Each of these volumes is constituted of different quantities of earlywood and latewood responsible for local density. Knowing that earlywood and latewood behave differently to thermal degradation, it seems logical that no clear correlation can be established with this technique. In the case of heartwood and sapwood, it has been possible to observe differences between lower density sapwood and higher density heartwood, which may be attributed to different wood chemical composition as a result of wood duraminization. According to all these results, it appears that wood quality, depending from density and ring width, is susceptible to influence wood thermal stability during industrial processes. Considering that the EW/ LW ratio depends on numerous factors like tree age, genetics and ecology, soil quality, and forest management, it is clear that tree history can impact directly conferred properties of wood after thermal modification and especially its durability, which is directly connected to the level of degradation of wood cell wall polymers (Šušteršic et al. 2010) .
Conclusions
The aim of this study was to investigate the effect of the initial variability of oak wood on its behavior during thermal treatment by mild pyrolysis. The study was carried using two approaches. The macroscopic approach at the scale board results did not allow finding a clear relation between the initial density and mass loss induced by thermal degradation. Thus, although the samples were different (averaged density ranging between 550 and 700 kg m −3
), the averaged mass losses were quite similar (10-12 %). Emphasis was placed on the difference in thermal behavior between heartwood and sapwood, when both were present in the same board. The X-ray CT seemed to be well adapted to highlight the density variation and the mass loss heterogeneity according to longitudinal, radial, and tangential directions of the board presumably due to the thermal treatment process.
The intra-ring study allowed assessing the thermal sensitivity of both earlywood and latewood. It was observed that earlywood was more sensitive to thermal degradation than latewood. This difference of thermal reactivity is attributed to the higher cellulose content of latewood which presents larger S2 layer, rich in cellulose, in the secondary wall. Earlywood, containing more lignin and hemicelluloses than latewood, is therefore more susceptible to thermal degradation. Further studies are under consideration with softwood species to assess more deeply the behavior of the two ring compartments towards thermal degradation along the radial direction.
